The most commonly used measure of evolutionary distance in molecular pbylogenetics is the number of nucleotide substitutions per site. However, this number is not necessarily most efficient for reconstructing a phylogenetic tree.
Introduction
There are many methods for reconstructing a molecular phylogenetic tree from an evolutionary distance matrix, such as the unweighted pair-group method (Sneath and Sokal 1973) and the neighbor-joining method (Saitou and Nei 1987) . In these methods the number of nucleotide substitutions per site is usually used as an evolutionary distance when DNA sequences are analyzed (see, e.g., Nei 1987) .
Several studies, however, suggest that, in order to obtain the correct tree topology, the number of nucleotide substitutions per site may not be the best evolutionary distance when the rate of nucleotide substitution is the same among different lineages (Saitou and Nei 1987; Saitou and Imanishi 1989; Schoniger and von Haeseler 1993) . For example, Saitou and Nei ( 1987) have shown by using computer simulations that the efficiency of obtaining the correct tree topology from the matrix of the proportion of different nucleotides is nearly the same as (or even higher than) that of obtaining the correct tree topology from the matrix of the number of nucleotide substitutions per site estimated by using Jukes and Cantor's ( 1969) method. This means that there might be a better evolutionary distance than the number of nucleotide substitutions per site.
When the rate of nucleotide substitution varies considerably among different lineages, however, the number of nucleotide substitutions per site gives the correct tree topology more often than does the proportion of different nucleotides between nucleotide sequences ( Saitou and Imanishi 1989; Schoniger and von Haeseler 1993 ) . This suggests that the evolutionary distance should be proportional to the number of nucleotide substitutions when the substitution rate varies among different lineages. Of course, this does not necessarily mean that the number of nucleotide substitutions per site is the best measure for obtaining the correct tree topology.
In this paper we shall present an evolutionary distance which is expected to give the correct tree topology more often than does the number of nucleotide substitutions per site, under the assumption that the rate of transitional change is not the same as that of transversional change, i.e., under Kimura's ( 1980) model. We consider only tree topologies, so that branch lengths must be recomputed by using the number of nucleotide substitutions per site. 
Jukes and Cantor's Model
Before we consider Kimura's model, we first consider Jukes and Cantor's ( 1969) model, under which the rate of nucleotide substitution is assumed to be the same among different nucleotides. We also assume that the substitution rate is the same among different nucleotide sites. Consider two nucleotide sequences which diverged t years ago. Let h be the rate of nucleotide substitution per site per year. Then the number of nucleotide substitutions per site, d(t), is
On the other hand, the proportion of different nucleotides, p(t), is
where c = 3/4, so that d(t) can be estimated by (Jukes and Cantor 1969; Kimura and Ohta 1972) . Therefore, if the proportion of different nucleotides is used as an evolutionary distance, we have
where n is the number of nucleotides in each sequence. From these, we obtain
On the other hand, if the number of nucleotide substitutions per site is used, we have D(t) = d(t) = 2ht, so that we obtain D'(t) = 2h. The large sampling variance expected when equation (4) is used is approximately given by
P-p(t)lc12n (Kimura and Ohta 1972) . Then, we have
Comparing equation ( 5) with equation (7)) we can conclude that the accuracy ofp( t) is nearly the same as that of d ( t) . In order to obtain the variance of d( t), however, an approximation was involved (see eq.
[ 61) . If we compute the exact variance, the accuracy of d(t) becomes slightly smaller than that of p( t). Table 1 shows the ratio of the accuracy index for p(t) to that for d(t), which was numerically computed from the probability distribution of p( t). In the case of d( t), A(t) was computed, excluding inapplicable cases. We can see from this table that the proportion of different nucleotides is more appropriate than is the number of nucleotide substitutions per site, when nucleotide sequences are short and when d(t) is large. These results are consistent with the simulation results obtained by Saitou and Nei ( 1987) , Saitou and Imanishi ( 1989), and Schiiniger and von Haeseler ( 1993) . Thus, we recommend the proportion of different nucleotides be used when the rate of nucleotide substitution is the same among different lineages.
Kimura's Transition / Transversion Model
Consider two nucleotide sequences which diverged t years ago. Let a and 2p be the rates of transitional and transversional substitutions per site per year, respectively, so that the total rate of substitution per site per year is a + 2p. Denote the proportions of transitional and transversional differences by P(t) and Q( t ) , respectively. Then the number of nucleotide substitutions per site is given by
where dl (t) and d2( t) are given by
and
. P(t) and Q(t) can be expressed as p(t) = + _ i e-4(a+P)t + i e-8Pt
and Q(t) = ; -; e-*pI .
(lob)
Let us now obtain the accuracy index when the proportion of different nucleotides is used as an evolutionary distance, i.e., D(t) = P(t) + Q(t). In this case, we obtain
Using equations ( 10) and ( 11)) we can obtain A(t)
On the other hand, when the number of nucleotide substitutions per site is used as an evolutionary distance,
The sampling variance expected when equations (9)) (9a), and (9b) are used is approximately given by
where and
equations (13) and (14).
Numerical examples are shown in table 2, where a = 3p and a = 8p were assumed. We can see from this table that the distance using the proportion of different nucleotides (P(t) +Q( t)) is more efficient for obtaining the correct tree topology than is the distance using the number of nucleotide substitutions per site ( dl (t) + d2( t)) estimated by Kimura's method, when the rate of substitution is the same among different lineages. This conclusion is consistent with the simulation results obtained by Schoniger and von Haeseler ( 1993) .
Transversional Differences
We often use only the transversional differences when the rate of transitional change is much higher than the rate of transversional change and when the number of nucleotide substitutions per site is very large, say d(t) > 1. Let us now examine the accuracies of the proportion of transversional differences and the number of transversional substitutions per site, i.e., 2 d2( t). 
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Then A ( t) is approximately equal to equation ( 17). As in the case of Jukes and Cantor's model, A(t) for 2 d2( t) is slightly smaller than that for Q(t), when n is small and when 2 d2 ( t ) is large.
The accuracy index obtained from equation ( 17 ) is also shown in table 2, and we can see from this table that the accuracy of Q(t) is higher than that of P(t) + Q(t), when d(t) is large, and that the accuracy of the estimate of number of transversional substitutions per site ( 2d2( t)) is also higher than the accuracy of the number of nucleotide substitutions per site ( dl ( t) + dz(t)).
From these results, we can conclude that 2d2( t) should be used rather than dl (t) + d2( t), when the following conditions are satisfied: ( 1) the transitional changes occur much more frequently than do the transversional changes; and (2) d(t) is large. In addition to the above conditions, if the substitution rate is the same among different lineages, then Q(t) can be used.
Weighting Method
The above results suggest that wP( t) + Q(t) or wd, (t) + d2( t) can be used as an evolutionary distance if an appropriate value of w can be determined. When
n Using equations (20) and (2 1 
= r(t)P(t)[l-P(t)] + s(t)P(t)Q(t)
where r(t) and s(t) are given by 
where a and b are given by and
Therefore, using equation (23)) we can estimate w by replacing P(t) and Q(t) with their observed values. When P(t) and Q(t) are small, however, we cannot obtain a reliable estimate of w, and we often have w > 1. In fact, we cannot use equation (23) when P(t) = 0 and/or Q(t) = 0. When 2P(t) 6 Q(t), we suggest that w = 1 be used. In the case of Q(t) = 0, w can be estimated by w = s(t)/ {s(t)P(t)-2P(t)[l-P(t)]}, which was obtained from equation ( 23) by letting Q(t) + 0. It should be noted that wP( t) + Q(t) cannot be used when the substitution rate varies among different lineages.
On the other hand, D(t) = wd, (t) + d*(t), where dl ( t ) and &( t) are estimated by equations ( 9a) and (9b), respectively, can be used even when the substitution rate varies among different lineages. In this case, we have D'(t) = 2(a+P)w + 2p (24) 
4(t)V2 -d2(t)Cov
where V, , V2, and Cov are given by and dl (t) and d*(t) are given by equations (9a) and (9b), respectively. Therefore, from equation (26) we can estimate w by replacing P(t) and Q(t) with their observed values.
When P(t) and Q(t) are small, the estimate of w obtained from equation ( 26) may not be reliable.
As in the case of wP(t) + Q(t), we set w = 1 if 2P(t) < Q(t).
In the case of Q(t) = 0, w can be estimated by w = dl (t)/ ], which was obtained by letting
QW + 0.
Numerical examples are shown in tables 3 and 4, where a = 3p and a = Sp were assumed in parts A and B, and n = 1,000 was also assumed, as before. The w value which maximizes A(t) was computed by using (26) and is shown in parentheses. We can see from these tables that the weighting method improves the accuracy of evolutionary distance. One problem involved in the weighting method is that there are N( N-1) pair-wise distances when we reconstruct a phylogenetic tree from N sequences and that a value of w can be estimated from each pairwise distance so that we have N( N-l ) values of w. We must use, however, the same value of w for all distances. One possible way to choose the value of w is to compute values of w for all pairwise comparisons by using equation ( 23 ) or (26)) then to choose the smallest value of w among them. Another possible way is to use the average of w over all values of w. In the case of D( t) = wP( t) + Q(t), table 3 suggests that the arithmetic mean can be used. On the other hand, in the case of D( t) = wd, (t) + &(t), table 4 suggests that the harmonic mean can be used.
Computer Simulation
In order to know the accuracy of new methods, we have conducted computer simulations.
In these simulations we used model trees A and B shown in figure 1 , which are the same as those used by Schiiniger and von Haeseler ( 1993) . Branch lengths (u and v) and the number of nucleotides (n) assumed in these simulations are also the same as theirs. As evolutionary distances, we used (i) CP( t) + Q(t), where W is the arithmetic mean of w, (ii) wminP( t) + Q(t), where W,in is the minimum of w, (iii) GL& (t) + c.&(t), where G is the harmonic mean of w, and (iv) wmi"dl (t) + dz( t). Following Schiiniger and von Haeseler ( 1993), we also used nine DISTANCE n = 500 n = 1,000 n = 500 n = 1,000 n = 500 II = 1,000 additional evolutionary distances, i.e., uf/Uc, uf/ JC, uf/ Km, ex/Uc, ex/JC, ex/Km, CO/UC, co/JC, and co/ Km, where the weighting of nucleotide differences is uniform (uf), existential (ex), or combinatorial (co), and the evolutionary distances are computed without correction (UC), by Jukes and Cantor's ( 1969) method (JC), or by Kimura's ( 1980) method ( Km). In the case of uf, the distances for uf/Uc, uf/ JC, and uf/Km are given byp(t) (=P(t)+Q(t)), equation (4), and equation (9), respectively.
For the definitions of ex and co, see the work of Schoniger and von Haeseler ( 1993 ) . Phylogenetic trees were reconstructed from these distances by using the neighbor-joining method (Saitou and Nei 1987), and the proportions of trials obtaining the correct tree topology were recorded. The number of replications was 1,000 in each set of parameters. Tables 5-8 give the proportions of trials obtaining the correct tree topology, i.e., the fraction of trials in which the given method gave the correct tree topology. The results for model tree A are shown in tables 5 and DISTANCE n = 500 12 = 1,000 n = 500 n = 1,000 n = 500 n = 1,000 Table 7 Proportion ( DISTANCE n = 500 n = 1,000 n = 500 n = 1,000 n = 500 n = 1,000
wnd'(t) + Q(t) a Numbers in parentheses are percentages of inapplicable cases. Underlined values were obtained by using Tajima's (1993) method * Significantly different from the maximum value in column, at the 1% level. ** Significantly different from the maximum value in column, at the 0. I% level. *** Significantly different from the maximum value in column, at the 0.01% level.
6, those for model tree B in tables 7 and 8. In tables 5 appropriate, since the proportions obtained might be and 7, c1= p was assumed, whereas a = Sp was assumed mutually correlated. in tables 6 and 8. The x2 test was conducted in order to
We can see from table 5 that the proportion of difknow whether the proportion of trials obtaining the cor-ferent nucleotides is slightly more efficient for reconrect topology is different from the maximum proportion strutting the correct topology than is the estimated numin each set of parameters, although the test may not be ber of nucleotide substitutions per site, when the DISTANCE n = 500 n = 1,000 n = 500 n = 1,000 n = 500 n = 1,000
@P(t) + Q(t) .
WmiJ'(t) + Q(t)
Gki,(f) + c&(f) . * Significantly different from the maximum value in column, at the 1% level. ** Significantly different from the maximum value in column, at the 0.1% level. *** Significantly different from the maximum value in column, at the 0.01% level.
substitution rate is the same among different lineages and when there is no transition;/transversion bias. The difference in efficiency between the proportion of different nucleotides and the estimated number of nucleotide substitutions per site, however, is very small, so that either distance can be used. These results are consistent with those obtained by Schiiniger and von Haeseler ( 1993 ) .
When there is transition / transversion bias, Schoniger and von Haeseler ( 1993) have shown that, among nine distances they studied, which is the best depends on branch lengths. Table 6 shows that the present methods, especially wmi,dl( t) + dz( t), are efficient regardless of branch lengths, although they are not the best in many cases. Table 7 shows the results obtained in the case where model tree B and a = p were assumed. In the case of u = 0.03 and v = 0.42, the underlined values were obtained by using almost unbiased estimates (Tajima 1993 ), since there were inapplicable cases. We can see from this table that the proportion of different nucleotides cannot be used unless the difference is very small when the substitution rate varies among different lineages.
The results for transition / transversion bias are given in table 8, which indicates that Wmindl (t) + dz( t) is the most efficient for reconstructing the correct tree topology. It is also recommended that Tajima's ( 1993) method be used to estimate d, (t) and d2 (t) when the distance is large. For example, in the case of u = 0.03, v = 0.42, and n = 500, when we used Kimura's ( 1980) method for estimating dl (t) and dz( t), i.e., equations (9a) and (9b), 170 of 1,000 cases were inapplicable, and the proportion of trials obtaining the correct topology by using wmi, d, ( t) + d2 ( t) was 23.9% rather than 29.4%. Considering all the results shown in tables 5-8, we can conclude that Wmindl (t) + dz( t) might be the best among the distances examined.
Discussion and Conclusion
In this paper, new methods for estimating evolutionary distance are presented. Computer simulations suggest that wmi"dl (t) + dz( t) might be the best for obtaining the correct tree topology, among the evolutionary distances examined.
When the substitution rate is the same among different lineages, Wmi,P( t) + Q(t) also can be used. Since we usually do not know whether the substitution rate is the same among different lineages, we recommend that Wmindl (t) + d2( t) be used for determining a tree topology. We have assumed in this study that the pattern of substitution rates follows Kimura's ( 1980) transition/ transversion model. Even when the pattern of substitution rates follows the other model, we can still use the same method for determining the value of w. For example, in the case in which D(t) is expressed as D(t) = wldl ( t + w2d2( t) + d3( t) , w1 and w2 can be determined by solving 
Computer Program
A computer program for estimating +P( t ) + Q( t ) wminP(t) + Q(t), @dl(t) + h(t), Wmindl(t) + h(t) and their standard errors is available on request.
